Heat-capacity measurements have been made on liquid-crystal compounds exhibiting almost no layershrinkage ͑NLS͒ behavior through the Sm-A -Sm-C * phase transition. The transition was found to be second order for two of the substances studied. It was found that the heat-capacity anomaly accompanying a secondorder Sm-A -Sm-C * transition with NLS behavior is quite similar to that observed for typical antiferroelectric liquid crystals of the 4-͑1-methylheptyloxycarbonyl͒phenyl 4Ј-octyloxybiphenyl-4-carboxylate ͑MHPOBC͒ group, showing three-dimensional ͑3D͒ XY behavior in the vicinity of the transition. On the other hand, for one compound which shows a weakly first-order transition, the anomaly is almost symmetric above and below T c , with a significant fluctuation effect in the Sm-A phase. For this compound, the critical behavior of the heatcapacity anomaly is almost tricritical in the immediate vicinity of T c , while away from T c the behavior can be explained with the 3D XY model. This suggests that the underlying transition with the 3D XY critical behavior is driven to almost being tricritical but remaining weakly first order. No indication of low-dimensional character in the critical behavior was found in both cases.
I. INTRODUCTION
A class of liquid-crystal compounds has been found which shows almost no layer-shrinkage ͑NLS͒ behavior through the Sm-A -Sm-C ͑or Sm-C * ͒ transition. In addition, for chiral materials belonging to this class, unusually large electroclinic effects near the Sm-A -Sm-C * transition have been reported ͓1-4͔. Both a large electroclinic effect and NLS behavior are extremely important in utilizing Sm-C * material for electro-optical device applications. Thus, a considerable amount of attention has been aimed at understanding the origin of the molecular tilt in the Sm-C ͑or Sm-C * ͒ phase as well as the true molecular packing arrangement in the Sm-A phase of these compounds.
One plausible explanation for these remarkable physical properties is offered by a structure suggested by de Vries et al. ͓5, 6͔ . In this model, the molecules are tilted in the Sm-A phase by a finite angle A in the absence of an applied electric field, and are spatially disordered in their azimuths. Specifically, the azimuthal distribution function is uniform, f͑͒ =1/͑2͒, on a cone about the layer normal z. Then an applied electric field in the layer plane promotes azimuthal order, without any significant change in A or the smectic layer spacing. A very different theoretical advance based on the idea of a modulated phase has recently been proposed by Meyer and Pelcovits ͓7͔.
To be precise, two possible types of structures can be specified in the de Vries model. In the first case ͓5͔, the molecules are tilted in a similar way to that in the ordinary Sm-C phase, but the tilt directions in different layers are randomly oriented. In the second case ͓6͔, the molecules are tilted but there is no long-range order in the tilt direction within each smectic layer. As pointed out by Panarina et al. ͓8͔ , the first possible structure is similar to a unique type of phase called a "sliding phase" ͓9͔. This phase is predicted to occur in weakly coupled three-dimensional ͑3D͒ stacks of two-dimensional ͑2D͒ XY systems. In this respect, the study of critical behavior at the NLS Sm-A -Sm-C ͑or C * ͒ transitions, including clarification of its universality class, is very important.
It has been demonstrated that the high-resolution heatcapacity measurement is a powerful tool in providing us with important information on critical fluctuations. Such an example is the recent heat-capacity measurement carried out by the present authors on 8422͓2F3͔ which shows almost NLS through the Sm-A -Sm-C * transition ͓10͔. That work, referred to as "I" hereafter, revealed a detailed temperature dependence of the heat-capacity anomaly as well as an existence of small latent heat in contrast to an early differential scanning calorimeter ͑DSC͒ result ͓4͔, and also reported preliminary results of the data analyses ͓10͔. In this paper we describe further detailed analyses of the heat-capacity anomaly for 8422͓2F3͔. Also included in this paper are highresolution calorimetric results from two more compounds, 7O23͓7F8-͔ and 8O23͓7F8-͔, displaying NLS behavior. Unusual behavior of surface-induced tilted layers has been observed in free-standing films of 8O23͓7F8-͔ ͓11͔. Figure 1 shows molecular structures and phase sequences of the compounds studied. The values of the transition temperatures in the figure were obtained from DSC measurements carried out at temperature scan rates of about 5 K / min ͓12͔. *Corresponding author. Email address: kema@phys.titech.ac.jp
II. EXPERIMENTAL DESCRIPTION AND DATA
Heat capacity C p has been measured with a highresolution ultralow frequency ac calorimeter ͓13͔. Hermetically sealed gold cells that contained about 20-30 mg of liquid-crystal sample were used. The temperature scan rate was about 0.03 K / h in the transition region. No detectable drift in the Sm-A -Sm-C * transition temperature was observed, indicating the stability and high quality of the samples.
After subtracting sample cell contributions, typical temperature dependences of C p data are shown in Fig. 2 for 7O23͓7F8-͔, and Fig. 3 for 8O23͓7F8-͔, respectively. The Sm-A -Sm-C * transition was observed at 334.2 K in 7O23͓7F8-͔ and 357.4 K in 8O23͓7F8-͔. The fact that these transition temperatures are higher than the values quoted in Fig. 1 is possibly due to the difference in scan rates. The scan rate used here was about 10 4 times slower than the DSC scan rates. Similar discrepancies were also found for other phasetransition temperatures. In Figs. 2 and 3, the dashed line shows the background heat capacity C p ͑background͒, determined as a quadratic function of temperature which joins the measured heat-capacity data smoothly at temperatures away from the transition on both sides of the transition. The increase from the background heat capacity above around 370 K in 8O23͓7F8-͔ is due to a pretransitional behavior approaching the transition to the isotropic phase. In the vicinity of the Sm-A -Sm-C * transition, the heat capacity displays a distinct -shape anomaly for both cases. A nonadiabatic scanning ͑NAS͒ mode measurement ͓14͔ has also been made, which revealed no indication of the existence of a latent heat for both 7O23͓7F8-͔ and 8O23͓7F8-͔. Therefore, the transitions are second order for both cases.
In comparison with 7O23͓7F8-͔, the compound 8O23͓7F8-͔ has one additional CH 2 group in the nonchiral alkyl tail. This results in a much smaller Sm-A temperature range for 8O23͓7F8-͔, namely, 16 K for 8O23͓7F8-͔ and 34 K for 7O23͓7F8-͔. Thus at their respective Sm-A -Sm-C * transitions, 7O23͓7F8-͔ has a higher order in both nematic and Sm-A order than 8O23͓7F8-͔ does. The observed magnitudes of heat-capacity anomalies for these two compounds are a strong indication of such an effect. Because the anomaly is small, our analyses with a renormalization-group expression as shown below have not been made on 7O23͓7F8-͔.
Excess heat capacity accompanying the transition, denoted as ⌬C p , is obtained by subtracting C p ͑background͒ from the measured C p data, and is shown in Fig. 4 for 8O23͓7F8-͔. The temperature dependence of ⌬C p for 8O23͓7F8-͔ is similar to that in 4-͑1-methylheptyloxycarbonyl͒phenyl 4Ј-octyloxybiphenyl-4-carboxylate ͑MHPOBC͒ and its related antiferroelectric liquid crystals which exhibit the Sm-A -Sm-C ␣ * transition ͓15͔. The overall temperature dependence of C p data for 8422͓2F3͔ has been shown in I. Here, only the ⌬C p data are displayed in Fig. 5 . In contrast to the case for 7O-and 8O23͓7F8-͔, the ⌬C p data for 8422͓2F3͔ exhibit a significant feature that the anomaly accompanying the transition is almost symmetric above and below T c . As reported in I, it was found that the transition in 8422͓2F3͔ is weakly first order, with a small latent heat of about 10 mJ/ g, and a narrow two-phase coexistence region of about 16 mK.
III. ANALYSES
The ⌬C p data have been analyzed with the following renormalization-group expression ͓16͔:
Here t = ͑T − T c ͒ / T c and the superscripts ± denote above and below T c . The exponent ␣ was adjusted freely in a leastsquares fitting procedure. The correction-to-scaling exponent is dependent on the universality class, but has a theoretical value close to 0.5 ͓16͔, and therefore was fixed at 0.5 in the first stage of the fitting. There is usually a narrow region in the immediate vicinity of the transition where data are rounded due to impurities and/or instrumental resolutions. The extent of this region was determined in the way described elsewhere ͓17͔, and the data inside this region were excluded in the fitting. In the present fits, the rounding region thus determined is −8. 
A. Analyses on 8O23[7F8-]
The parameter values obtained in fitting the ⌬C p data for 8O23͓7F8-͔ are shown in Table I . Fits were made to the data over several ranges, and the maximum value of ͉t͉ used in the fit, denoted as ͉t͉ max , is included in the table. When the exponent ␣ has been adjusted freely ͑fits 1-3͒, its value is close to zero for small ͉t͉ max , and becomes larger for wider fitting ranges. Such a feature is the same as those being observed in the MHPOBC-group antiferroelectric liquid crystals ͓15͔. In Table I , fits 4-7 show the results when the exponents have been fixed at the 3D-XY theoretical values, ␣ XY = −0.0066 and XY = 0.524 ͓16͔. The quality of the fit is adequate for ͉t͉ max = 0.001. Inclusion of the second-order correction terms yields satisfactory fits for wider fitting ranges in the 2 sense. As an example, the result for fit 7 is shown as the solid line in Fig. 4 
B. Analyses on 8422[2F3]
As reported already in I, the transition is weakly first order in 8422͓2F3͔. Nevertheless, because the first-order nature of the transition is very weak, the use of Eq. ͑1͒ for the analysis is justified as a starting trial function.
The results of the fitting are summarized in Table II as fits 1-3. For ͉t͉ max = 0.001 and 0.003, the ␣ value is close to the tricritical value 0.5. This seems reasonable because the transition is very weakly first order and therefore close to a tricritical point which corresponds to a border between secondand first-order transitions. It is also seen that D 1 ± values are anomalously large. Because the transition is first order, the critical constant term B c need not be equal above and below ␣ ϳ 0.5 and ϳ 0.5, the first-order correction term, with a temperature dependence ͉t͉ −␣ behaves almost as a constant term, and tends to account for the gap by adjusting D 1 ± values.
Before describing further results, we note a point related to the first-order nature of the transition which might affect our analyses. At first-order transitions, the temperature where ⌬C p diverges will be different when the transition is approached from above or below the transition temperature. This can be taken into account by replacing the reduced temperature t by t ϵ͑T − T c ± ͒ / T c ± , where superscripts ± denote above and below T c . It is expected that T c + is lower than T c − , thus ⌬T c ϵ T c − − T c + should be positive. It was found, however, that the quality of the fit became slightly worse with increasing ⌬T c from zero. This indicates that first-order nature of the transition is quite weak in the present case so that we can practically assume ⌬T c =0.
As the next stage of our analyses, we fitted the data with the following expression:
The difference between Eqs. ͑1͒ and ͑2͒ is that the first-order correction term has been merged into the critical constant term B c 's which can differ for above and below T c . The results are shown as fits 4-7 in Table II . Allowing nonzero D 2 's for ͉t͉ max = 0.01 improves the quality of the fitting in 2 sense, with artificially large D 2 values. This implies that Eq. ͑2͒ does not describe the anomaly adequately. In other words, the deviations from the asymptotic critical behavior away from T c are not explained as corrections to the scaling, but rather a manifestation of an essentially different critical behavior. Further analyses will be described below in connection with the results on H8F͑4,2,1͒MOPP reported by Iannacchione et al. ͓18͔.
IV. DISCUSSION
Quite interestingly, we see that behaviors of heat-capacity anomalies at the Sm-A -Sm-C * transition reported in this paper can be classified into two types: one is that of 7O23͓7F8-͔ and 8O23͓7F8-͔, the other is that of 8422͓2F3͔. This might be related to the order of the transition. Most of the NLS compounds studied so far, such as 8422͓2F3͔, show first-order Sm-A -Sm-C * transitions. Although the transition in TSiKN65 was reported to be second order in an earlier study ͓8͔, recent measurements made by some of the present authors have revealed that it is weakly first order ͓19͔. On the other hand, results presented here reveal that the Sm-A -Sm-C * transitions in 7O23͓7F8-͔ and 8O23͓7F8-͔ are second order. It deserves attention that the fluctuation effect is more significant in the case of a first-order transition. For 8422͓2F3͔ the C p anomaly in the Sm-A phase is almost as large as that in the Sm-C * phase. At T = T c + 0.5 K, we have ⌬C p ϳ 0.036 J / gK, which can be compared with the corresponding value of 0.026 J / gK for MHPOBC. In 8O23͓7F8-͔, on the other hand, the fluctuation anomaly in the Sm-A is visible but definitely smaller than in the Sm-C * phase. At T = T c + 0.5 K, we have ⌬C p ϳ 0.012 J / gK for this case. We note that the transition is very close to the tricritical one not only in 8422͓2F3͔ as described here, but also in TSiKN65 ͓19͔, suggesting that the transition can be driven to first order by some mechanisms. It is known that fluctuations drive some phase transitions to first order. For the ordinary Sm-A -Sm-C transitions, it is expected that the transition becomes first order due to several factors including the width of Sm-A phase range ͓20͔. In case of the nematic͑N͒ -Sm-A transition, it is driven to first order through the coupling between the nematic and smectic order when the nematic order is small and its fluctuation becomes important ͓21͔. It was found that the nematic order is 0.56 ͓4,22͔ in case of 8422͓2F3͔, which is about 25% lower than the typical value 0.7-0.8 in ordinary Sm-A phases. We can expect that such low nematic order allows much more room for fluctuations, and the coupling to the smectic order becomes important. As another information on this line, on the other hand, an apparent distinction is found in the values of the layer thickness difference for the Sm-A and Sm-C * phases, being about 0.7% for 8422͓2F3͔ ͓10͔, and 1.2% for 8O23͓7F8-͔ ͓23͔. This suggests that the mechanism of NLS behavior is less effective in 8O23͓7F8-͔. In any case, more detailed precise information as to the behavior of the nematic order around the transition is needed.
Another interesting comparison can be made with H8F͑4,2,1͒MOPP studied by Iannacchione et al. ͓18͔ . This compound has a chemical structure quite similar to 8422͓2F3͔, and exhibits NLS behavior through the achiral Sm-A -Sm-C transition ͓24͔. It was reported that this compound shows very strong energy fluctuations in the Sm-A , presenting a quite unusual example since it exceeds unity. This value is in disagreement with the theoretical value of 0.971 for 3D XY, while it is closer to 1.029 for the inverted XY model. We also note the value from H8F͑4,2,1͒MOPP, 0.994-0.995, although slightly less than unity, almost agrees with the present value for 8422͓2F3͔. As a whole, the behavior of the heat-capacity anomaly in the range away from T c can also be explained by the 3D XY model.
In conclusion, the high-resolution calorimetric measurements presented here, have revealed two types of heatcapacity anomalies which considerably differ from each other: the one in 7O-and 8O23͓7F8-͔, and the other in 8422͓2F3͔. The transition is second order in the former while it is weakly first order in the latter. Fluctuation effects are more significant in the latter case. In addition, the extent of the NLS behavior seems larger in the latter. These facts suggest that the difference is due to the magnitude of the mechanism causing the NLS behavior. On the other hand, both cases can be classified into the same universality class of 3D XY, without showing any indication of low-dimensional character expected in the "sliding phase." In the de Vries picture the local tilt does not show a noticeable anomaly at T c , so that the order parameter has a two-dimensional degree of freedom, the position and magnitude of angular distribution function, and therefore justifies the XY nature of the transition. It may be worthy to note that this situation is similar to the N -Sm-A transition. In the N -Sm-A transition, modulation in the density function along the z axis results in the smectic order. In the de Vries picture, modulation in the azimuthal distribution function is responsible for the transition. In any case, the apparent inverted XY behavior has to be verified from a theoretical viewpoint.
At present, experimental data on the Sm-A -Sm-C ͑or Sm-C * ͒ transitions with NLS behavior are limited both in quantitative and qualitative sense. Further high-resolution experiments as well as theoretical investigations are urgently needed. 
